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We present the first full-fledged study of the flavor-exotic isoscalar T−bb ≡ bbu¯d¯ tetraquark with
spin and parity JP = 1+. We report accurate solutions of the four-body problem in a quark model,
characterizing the structure of the state as a function of the ratio MQ/mq of the heavy to light
quark masses. For such a standard constituent model, T−bb lies approximately 150MeV below the
strong decay threshold B−B¯∗
0
and 105MeV below the electromagnetic decay threshold B−B¯0γ.
We evaluate the lifetime of T−bb , identifying the promising decay modes where the tetraquark might
be looked for in future experiments. Its total decay width is Γ ≈ 87 × 10−15 GeV and therefore
its lifetime τ ≈ 7.6 ps. The promising final states are B∗−D∗+ ℓ− ν¯ℓ and B¯∗
0
D∗0 ℓ− ν¯ℓ among the
semileptonic decays, and B∗−D∗+D∗s
−, B¯∗
0
D∗0 D∗s
−, and B∗−D∗+ ρ− among the nonleptonic
ones. The semileptonic decay to the isoscalar JP = 0+ tetraquark T 0bc is also relevant but it is not
found to be dominant. There is a broad consensus about the existence of this tetraquark, and its de-
tection will validate our understanding of the low-energy realizations of Quantum Chromodynamics
(QCD) in the multiquark sector.
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2I. INTRODUCTION
Hadronic physics has been much stimulated during the last two decades by the experimental discovery of several new
resonances in the hidden-charm sector, resonances that are hardly accommodated in the traditional quark-antiquark
or three-quark picture [1]. These are the so-called XY Z mesons and LHCb pentaquarks, which belong to the class
of ”exotic hadrons”, although they are not flavor exotics. After several years of studies, no definite conclusion has
been drawn as to whether such non-flavor exotic states correspond to multiquark structures or to hadron-hadron
molecules. A similar situation was encountered in the light scalar meson sector, where a multiquark picture was first
introduced [2] as an attempt to explain the inverted mass spectrum (inverted in comparison to the simple quark-
antiquark structure favored by the naive quark model) exhibited by the low-lying scalar mesons, some of which were
later on suggested to be meson-meson molecules [3].
For years, the sector of flavor-exotic hadrons has been somewhat forgotten, as being less easily accessible than
the hidden-flavor sector. However, already some decades ago, investigations on flavor-exotic multiquarks concluded
that QQq¯q¯ four-quark configurations become more and more deeply bound when the mass ratioMQ/mq increases [4].
There is nowadays a broad theoretical consensus about the existence of such unconventional tetraquark configurations
for which all strong decays are energetically forbidden. The most promising candidate is an isoscalar tetraquark with
double beauty and JP = 1+ quantum numbers, which is stable against strong and electromagnetic decays. The same
conclusion about the stability of this state has been reached in a wide variety of theoretical approaches [4–14]. A novel
lattice QCD calculation [5] employing a non-relativistic formulation to simulate the bottom quark finds unambiguous
signals for a strong-interaction-stable (I)JP = (0)1+ tetraquark, 189(10)MeV below the corresponding two-meson
threshold, B¯B¯∗. The lattice QCD calculation of Ref. [6] comes to the identical conclusion obtaining a binding energy
of 143(34)MeV. With such binding, the tetraquark is stable also with respect to electromagnetic decays. In Ref. [7],
the mass of the doubly-charm baryon Ξ++cc , discovered by the LHCb Collaboration [15], is used to calibrate the binding
energy of a QQ diquark. Assuming that the bb diquark binding energy in a T−bb tetraquark is the same as that of
the cc diquark in the Ξ++cc baryon, the mass of the (0)1
+ doubly-bottom tetraquark is estimated to be 215MeV
below the strong decay threshold B¯B¯∗. In Ref. [8], the heavy-quark-symmetry mass relations linking heavy-light
and doubly-heavy-light mesons and baryons are combined with leading-order corrections for finite heavy-quark mass,
corresponding to hyperfine spin-dependent terms and kinetic energy shift that depends only on the light degrees of
freedom. This leads to predict that the T−bb state is stable against strong decays. More specifically, using as input
the masses of the doubly-bottom baryons (not yet experimentally measured) obtained by the model calculations of
Ref. [7], Ref. [8] finds an axial-vector tetraquark bound by 121MeV. In Ref. [9], the Schro¨dinger equation is solved
with a potential extracted from a lattice QCD calculation for static heavy quarks, in a regime where the pion mass
is mπ ∼ 340MeV, and again, evidence is found for a stable isoscalar doubly-bottom axial-vector tetraquark. When
extrapolated to physical pion masses it has a binding energy of 90+43−36MeV. The robustness of these predictions
is reinforced by detailed few-body calculations using phenomenological constituent models based on quark-quark
Cornell-type interactions [10, 11], which predict that the isoscalar axial-vector doubly-bottom tetraquark is strong-
and electromagnetic-interaction stable with a binding energy ranging between 144–214MeV for different realistic
quark-quark potentials. Recent studies using a simple color-magnetic model have come to similar conclusions [12].
The QCD sum rule analysis of Ref. [13] also points to the possibility of a stable doubly-bottom isoscalar axial-vector
tetraquark. Finally, the recent phenomenological analysis of Ref. [14] also presents evidence in favor of the existence
of a stable T−bb state.
The compelling theoretical evidence for the existence of a T−bb tetraquark has led to preliminary studies of its lifetime
and weak decay modes. In this context, Ref. [16] investigated the amplitudes and decay widths of doubly-heavy
tetraquarks under the flavor SU(3) symmetry, deriving ratios between decay widths of different channels. Ref. [17]
evaluated the semileptonic decay of the T−bb tetraquark to a scalar bcu¯d¯ tetraquark in the framework of QCD sum rules.
In spite of the numerous model calculations existing in the literature (see Refs. [11, 12] for a recent compendium) no
comprehensive calculation of the spectroscopy, decay modes, and lifetime of this state has been obtained so far.
The purpose of this work is to present the first detailed study of the flavor-exotic T−bb tetraquark with J
P = 1+
and isospin I = 0, reporting accurate solutions of the four-body problem, characterizing the structure of the state,
evaluating its lifetime and identifying the promising decay modes where the tetraquark might be looked for. A striking
result deals with the lifetime, which is found significantly longer than for single-b hadrons. With two b quarks, one
expects either cooperating or conflicting interferences. Also, if one compares a typical meson decay mode B → Dx
and its tetraquark analog T → BDx, there is a change in the overlap of the final D meson and the cq¯ system provided
by a spectator q¯ and the c quark coming from one of the b quarks: the color factor and the spatial distribution are
modified. There is also an obvious effect of the phase-space, which is known to be crucial in weak decays, for instance
for β-unstable nuclei. While the Dx invariant mass is 5.3GeV in B → Dx decay, it is about 4.6GeV in T → BDx,
depending which sector of the Dalitz plot is reached. Altogether, it looks difficult to attempt a guesstimate of the
lifetime before actually performing the calculation.
3This paper is organized as follows. In Sec. II, we present the masses and wave functions obtained from an accurate
four-body calculation that makes use of a quark model. The calculation of the dominant decay modes and of the
lifetime is given is Sec. III. Our conclusions are summarized in Sec. IV.
II. TETRAQUARK MASS AND WAVE FUNCTION
We have studied the spectroscopy of doubly-heavy tetraquarks by two different numerical methods: a hyperspherical
harmonic formalism and a generalized Gaussian variational (GGV) approach, both driving to the same results [10].
For its later application to the detailed study of the four-quark structure and weak decays, the GGV is more suited.
Let us briefly discuss the main characteristics of the method. We shall denote the heavy quark coordinates by r1 and
r2, and those of the light antiquarks by r3 and r4. The tetraquark wave function is taken to be a sum over all allowed
channels with well-defined symmetry properties [18, 19]:
ψ(x,y, z) =
6∑
κ=1
χcsfκ Rκ(x,y, z), (1)
where x = r1 − r2, y = r3 − r4 and z = (r1 + r2 − r3 − r4)/2 are the Jacobi coordinates. χcsfκ are orthonormalized
color-spin-flavor vectors and Rκ(x,y, z) is the radial part of the wave function of the κ
th channel. In order to get the
appropriate symmetry properties in configuration space, Rκ(x,y, z) is expressed as the sum of four components,
Rκ(x,y, z) =
4∑
n=1
wnκ R
n
κ(x,y, z), (2)
where wnκ = ±1. Finally, each Rnκ(x,y, z) is expanded in terms of N generalized Gaussians
Rnκ(x,y, z) =
N∑
i=1
αiκ exp
[−aiκ x2 − biκ y2 − ciκ z2 − diκ s1(n)x · y − eiκ s2(n)x · z − f iκ s3(n)y · z] , (3)
where si(n) are equal to ±1 to guarantee the symmetry properties of the radial function and αiκ, aiκ, · · · , f iκ are the
variational parameters. The latter are determined by minimizing the intrinsic energy of the tetraquark. We follow
closely the developments of Refs. [18, 19], where further technical details can be found about the wave function and
the minimization procedure.
A four-quark state is stable under the strong interaction if its mass, MT (from now on, T often abbreviates TQQ),
lies below all allowed two-meson decay thresholds. Thus, one can define the difference between the mass of the
tetraquark and that of the lowest two-meson threshold, namely:
∆E =MT − (M1 +M2) , (4)
where M1 and M2 are the masses of the mesons constituting the threshold. When ∆E < 0, all fall-apart decays are
forbidden and, therefore, the state is stable under strong interactions. When ∆E ≥ 0 one has to examine whether
it is a resonance or an artifact of the discretization of the continuum by the variational method, and this requires
dedicated techniques such as real [20] or complex scaling [21], which are beyond the scope of this note. We therefore
concentrate on ∆E < 0. Another quantity of interest is the root-mean-square (r.m.s.) radius of the tetraquark, XT ,
given by [10]:
XT =
[∑4
i=1mi〈(ri −R)2〉∑4
i=1mi
]1/2
, (5)
where R is the center-of-mass coordinate, and mi are the quark masses MQ or mq.
Determining whether stability is reached in this model, i.e., ∆E < 0, requires a simultaneous and consistent
calculation of the meson masses M1 and M2 entering the threshold, and of the tetraquark configurations. For this
purpose, we have adopted the so-called AL1 model by Semay and Silvestre-Brac [22], already used in a number of
exploratory studies of multiquark systems, for instance in our recent investigation of the hidden-charm pentaquark
sector c¯cqqq [23] or doubly-heavy baryons and tetraquarks [11]. It includes a standard Coulomb-plus-linear central
potential, supplemented by a smeared version of the chromomagnetic interaction,
V (r) = − 3
16
λ˜i.λ˜j
[
λ r − κ
r
− Λ + VSS(r)
mimj
σi · σj
]
,
VSS(r) =
2 π κ′
3 π3/2 r30
exp
(
−r
2
r20
)
, r0 = A
(
2mimj
mi +mj
)−B
, (6)
4TABLE I. Relevant meson masses (in MeV) and r.m.s. radii (in fm) predicted by the AL1 model for the strong, electromagnetic
and weak decay thresholds of the JP = 1+ T−bb tetraquark.
Meson M r.m.s. Meson M r.m.s
J = 0
B¯ 5293 0.145 K 491 0.283
D 1862 0.216 π 138 0.298
Ds 1962 0.213 ηc 3005 0.181
J = 1
B¯∗ 5350 0.153 K∗ 903 0.389
D∗ 2016 0.248 ρ 770 0.460
D∗s 2102 0.243 J/Ψ 3101 0.199
where λ = 0.1653GeV2, Λ = 0.8321GeV, κ = 0.5069, κ′ = 1.8609, A = 1.6553GeVB−1, B =0.2204, mu = md =
0.315GeV, ms = 0.577GeV, mc = 1.836GeV and mb = 5.227GeV. Here, λ˜i.λ˜j is a color factor, suitably modified for
the quark-antiquark pairs. We disregard the small three-body term of this model used in [22] to fine-tune the baryon
masses vs. the meson masses. Note that the smearing parameter of the spin-spin term is adapted to the masses
involved in the quark-quark or quark-antiquark pairs. It is worth to emphasize that the parameters of the AL1
potential are constrained in a simultaneous fit of 36 well-established meson states and 53 baryons, with a remarkable
agreement with data, as seen in Table 2 of Ref. [22].
The meson masses of the threshold in this model are given in Table I, together with the masses of other mesons
that will be involved in the weak decays discussed in Sec. III. Also shown is the quark-antiquark r.m.s. radius.
One can now study the stability of the JP = 1+ T−bb isoscalar state. In the GGV method, if a state is unbound,
one observes a slow decrease of its mass toward M1 +M2 as N , the number of terms in Eq. (3), increases. It turns
out to be useful to also look at the content of the variational wave function, which comes very close to 100% in a
color singlet-singlet channel in the physical basis [18]. On the other hand, if a variational state converges to a bound
state as N increases, it includes sizable hidden-color components even for low N . We show in Table II the results for
the TQQ tetraquark for different masses of the heavy quark, MQ. In the first line we give the results for the standard
mass value of the bottom quark used in the AL1 model, for which we get a binding energy of 151MeV. We have
scrutinized the structure of the TQQ state. For each particular value ofMQ we have evaluated the lowest strong-decay
threshold, M1 +M2, the energy of the four-quark state, MTQQ , and the corresponding binding energy B = −∆E.
We have calculated the probability of the 3¯3, P [|3¯3〉], and 66¯, P [|66¯〉], color components. By using the recoupling
techniques derived in Ref. [18] we have also evaluated the probability of the 11, P [ | 11〉], and 88, P [ | 88〉], color
components. Afterwards, we have expanded the wave function in terms of physical states evaluating the probability
of the pseudoscalar-vector, PMM∗ , and vector-vector, PM∗M∗ , two-meson physical states. Finally we have calculated
the average distance between the two heavy quarks, 〈x2〉1/2, between the two light quarks, 〈y2〉1/2, between a heavy
and a light quarks, 〈z2〉1/2, and the four-quark r.m.s. radius, XTQQ .
As shown in Table II the binding energy of the TQQ tetraquark increases with increasing MQ/mq as predicted
in Ref. [4] and recently rediscovered in Refs. [7, 8]. Close to ∆E = 0 the system behaves like a simple meson-
meson molecule, with a large probability in a single meson-meson component, the pseudoscalar-vector channel. The
TQQ starts to be bound around the mass of the charm quark used by the AL1 model, mc = 1836MeV [24]. Such
small binding is due to a cooperative effect between the chromoelectric and chromomagnetic pieces in the interacting
potential. Hence, the Tcc tetraquark is unbound when the spin-spin interaction is switched off. The λ˜i.λ˜j contribution
of Eq. (6), with a pairwise potential due to color-octet exchange, induces mixing between 3¯3 and 66¯ color states in
the QQ − q¯q¯ basis. The ground state of the QQu¯d¯ with JP = 1+ has its dominant component with color 3¯3, and
TABLE II. Properties of the TQQ tetraquark as a function of the mass of the heavy quark MQ for the AL1 model. Energies
and masses are in MeV and distances in fm. For ∆E > 0, the probabilities and average distances are just an indication that
the variational calculation will likely not converge toward a bound state.
MQ M1 +M2 MTQQ ∆E P [|3¯3〉] P [|66¯〉] P [ | 11〉] P [ | 88〉] PMM∗ PM∗M∗ 〈x
2〉1/2 〈y2〉1/2 〈z2〉1/2 XTQQ
5227 10644 10493 −151 0.967 0.033 0.344 0.656 0.561 0.439 0.334 0.784 0.544 0.226
4549 9290 9163 −126 0.955 0.045 0.348 0.652 0.597 0.403 0.362 0.791 0.544 0.242
3871 7936 7835 −100 0.930 0.070 0.357 0.643 0.646 0.354 0.411 0.806 0.541 0.268
3193 6582 6511 −71 0.885 0.115 0.372 0.628 0.730 0.270 0.475 0.833 0.536 0.301
2515 5230 5189 −41 0.778 0.222 0.407 0.593 0.795 0.205 0.621 0.919 0.523 0.369
1836 3878 3865 −13 0.579 0.421 0.474 0.526 0.880 0.120 0.966 1.181 0.499 0.530
1158 2534 2552 > 0 0.333 0.667 0.556 0.444 1.000 0.000 ≫ 1 ≫ 1 0.470 ≫ 1
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FIG. 1. (a) Probability of the 3¯3 and 66¯ components of the TQQ color wave function as a function of MQ/mq . (b) Average
distances 〈x2〉1/2, 〈y2〉1/2 and 〈z2〉1/2 as a function of MQ/mq.
spin {1, 0} in the QQ − u¯d¯ basis. The main admixture consists of 66¯ with spin {0, 1} and a symmetric orbital wave
function. Thus, for MQ/mq close to the charm sector, the binding requires both the color mixing of 3¯3 with 66¯, and
the spin-spin interaction [11, 25]. In the most advanced calculations of Ref. [25], it was acknowledged that a pure
additive interaction will not bind ccq¯q¯, on the sole basis that this tetraquark configuration benefits from the strong
cc chromoelectric attraction that is absent in the Qq¯ +Qq¯ threshold. In the case where q¯q¯ = u¯d¯, however, there is in
addition a favorable chromomagnetic interaction in the tetraquark, while the threshold experiences only heavy-light
spin-spin interaction, whose strength is suppressed by a factor mq/MQ.
When the ratio MQ/mq increases, the probability of the 66¯ color component diminishes in such a way that the
system does not behave any more like a simple meson-meson molecule. The probability of the 66¯ component in
a compact QQq¯q¯ tetraquark tends to zero for MQ → ∞. Therefore, heavy-light compact bound states would be
almost a pure 3¯3 singlet color state and not a single colorless meson-meson 11 molecule, as shown in Table II. Such
compact states with two-body colored components can be expanded as the mixture of several physical meson-meson
channels [10, 26], and thus they can be also studied as an involved coupled-channel problem of physical meson-meson
states [27].
We have shown these results in Fig. 1. In the panel (a), we see how the probability of the 66¯ color component
tends to zero for MQ → ∞. On the other hand, we can also see the failure of treating heavy-light tetraquarks as a
single 3¯3 color state for charm-light or charm-strange doubly-heavy tetraquarks. In the panel (b) of Fig. 1 we show
the expectation value of the different Jacobi coordinates over the tetraquark wave function, i.e., the average distance
between the different constituents of the tetraquark [10]. One can see how when the binding increases, i.e. MQ/mq
augments, the average distance between the two heavy quarks, 〈x2〉1/2, diminishes rapidly, while that of the two
light quarks, 〈y2〉1/2, although diminishing, remains larger. The heavy-to-light quark distance, 〈z2〉1/2, stays almost
constant for any value of MQ/mq. It is also worth noting how the tetraquark becomes compact in the bottom sector.
As can be seen from Tables I and II, for deep binding, XTQQ/r.m.s.(M1 +M2) = 0.226/0.298 < 1, the tetraquark
is smaller than the two mesons of the threshold while close to ∆E = 0, XTQQ/r.m.s.(M1 +M2) = 0.530/0.464 > 1,
it becomes larger, being very likely the break down into two mesons. Thus, in the heavy-quark limit, the lowest
lying tetraquark configuration resembles the Helium atom [8, 28], a factorized system with separate dynamics for the
compact color 3¯ QQ kernel and for the light quarks bound to the stationary color 3 state, to construct a QQq¯q¯ color
singlet. As mentioned above, this result is less pronounced for other systems like charm-light (ccq¯q¯) or charm-strange
(csq¯q¯) doubly-heavy tetraquarks. On the basis of the results shown in Table II, the schematic evolution of the TQQ
state as a function of the ratio MQ/mq, in other words, from deep binding to a close-to-threshold meson-meson state,
is shown in Fig. 2 [29].
6MQ/mq≈11
〈x2〉
1/2
〈y2〉
1/2
MQ/mq≈16 MQ/mq≈6
〈z2〉
1/2
FIG. 2. From left to right, schematic evolution of a TQQ state as the heavy-quark mass decreases and, thus, the separation
between the heavy quarks increases. The separation between the light quarks starts to augment close to threshold and the
separation between the heavy and the light quarks remains almost constant. The last scenario, MQ/mq ≈ 6 is close to threshold,
compatible with a TQQ molecule or two heavy-light mesons.
III. TETRAQUARK LIFETIME AND DECAY MODES.
The double beauty T−bb isoscalar tetraquark with J
P = 1+ is stable with respect to strong- and electromagnetic
interactions [4, 5, 7–14], and thus it decays weakly. We have studied the semileptonic and nonleptonic decays of T−bb
following closely the method developed in Ref. [30]. We present here the results for the most favorable final states
where T−bb might be looked for. The remaining channels and a detailed discussion of the technicalities will be presented
elsewhere [31].
Among the semileptonic decays one can distinguish between processes with final states with a single meson, see panel
(a) of Fig. 3, or those with two mesons, panel (b) of Fig. 3. The first case, T−bb → B¯0 ℓ− ν¯ℓ, involves a bu¯→ W− → ℓ− ν¯ℓ
transition that at tree level is described by the operator
− iVubGF√
2
Ψu(0)γ
µ(1− γ5)Ψb(0)Ψℓ(0)γµ(1− γ5)Ψνℓ(0) , (7)
where Ψf is a quark field of a definite flavor f , GF is the Fermi coupling constant and Vub is the Cabibbo-Kobayashi-
Maskawa (CKM) matrix element. The decay width is given by
Γ =
1
2mT
∫∫∫
dPB
(2π)32EB
dpℓ
(2π)32Eℓ
dpνℓ
(2π)32Eνℓ
(2π)4δ(4)(PT − PB − pℓ − pνℓ)
× |Vub|2G
2
F
2
Lαβ(pℓ, pνℓ)Wαβ(PT , PB) , (8)
where the lepton1 and hadron tensors are given by,
Lαβ = 8(pαℓ pβνℓ + pβℓ pανℓ − gαβpℓ · pνℓ ± iǫαβρλplρpνℓλ) , (9)
Wαβ = 1
2JT + 1
∑
λ,λ′
hT→Bα (h
T→B
β )
∗ (10)
hT→Bα = 〈B, λ′PB |Ψu(0)γα(1− γ5)Ψb(0) |T, λ0〉 , (11)
where pi is the four-momentum of the particle i, JT stands for the spin of the tetraquark, |M,λ′ PM 〉 represents the
1 The ± signs correspond respectively to decays into ℓ−ν¯ℓ and ℓ
+νℓ.
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FIG. 3. Representative diagrams for semileptonic decays of the Tbb tetraquark: (a) Final state with a single meson. (b) Final
state with two mesons.
state of anM meson with three momentum PM and spin projection in the meson center of mass λ
′, and |T, λ0 〉 is the
state of the tetraquark at rest. ǫαβρλ is the fully antisymmetric tensor for which we take the convention ǫ0123 = +1
and gαα = (1,−1,−1,−1). Equation (8) can be further simplified
Γ = |Vub|2 G
2
F
24π3mT
∫∫
dEBdEℓΘ(mT − EB − Eℓ)Θ(1− | cos θ0ℓ |) L˜αβWαβ(PT , P˜B) , (12)
with P˜µB = (EB , 0, 0, |PB|) and
cos θ0ℓ =
(mT − EB − Eℓ)2 − |PB|2 − |pℓ|2
2|PB| |pℓ| . (13)
In (12), since all the dependence on ϕℓ appears only in the lepton tensor, we have defined
L˜αβ = 1
16π
∫
dϕℓ Lαβ . (14)
The matrix element (11) appearing in the hadron tensor can be expanded as,
hT→Bρ = 4
√
mTEB
∫∫
dpxdpz
∑
α1,α2
α3,α4
[
φˆ(B,λ
′)
α2,α4
(
mb
mb +mu
PB + px − 1
2
pz
)]∗
φˆ
(T,λ)
α1,α2
α3,α4
(px,−px − PB,pz)
× (−1)
1/2−s3
2
√
EuEb
v¯s3u
(
− PB − px − 1
2
pz
)
γρ(1− γ5)us1b
(
px +
1
2
pz
)
δc1c3 δf1b δf3u , (15)
where φˆ is the Fourier transform of the radial wave function, obtained in Sec. II using the AL1 constituent model,
and αi represents the quantum numbers of spin si, flavor fi and color ci (αi ≡ (si, fi, ci)) of a quark or an antiquark.
For the second class of semileptonic decays represented diagrammatically in panel (b) of Fig. 3, with a b → c
transition at the quark level, the operator is given by
− iVcbGF√
2
Ψc(0)γ
µ(1− γ5)Ψb(0)Ψℓ(0)γµ(1− γ5)Ψνℓ(0) , (16)
and the decay width can be expressed as
Γ = |Vcb|2 G
2
F
27π5mT
∫∫∫∫
|PB|dEBd cos θD|PD| dED 1|P˜B + PD|
dEℓΘ(1− | cos θ0ℓ |)
× Θ(mT − EB − ED − Eℓ) L˜αβWαβ(PT , PˆB, PˆD) , (17)
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FIG. 4. Representative diagrams for nonleptonic decays of the Tbb tetraquark: (a) Final state with only open flavor mesons.
(b) Final state with hidden flavor mesons. The blue box represents a four-quark effective vertex containing the contribution of
the W boson and radiative corrections as seen in Eq. (21).
where PˆB = R′P˜B and PˆD = R′PD, where R′ is a rotation that, for a fixed PD, takes P˜B +PD → (0, 0, |P˜B +PD|).
In this case,
cos θ0ℓ =
(mT − EB − ED − Eℓ)2 − |P˜B + PD|2 − |pℓ|2
2|P˜B + PD| |pℓ|
. (18)
The matrix element appearing in the hadron tensor
hT→M1M2ρ = 〈M1, λ′′ P1| 〈M2, λ′P2|Ψc(0)γρ(1− γ5)Ψb(0) |T, λ0 〉 , (19)
here written for a T → BD transition (for other cases, the changes are obvious), can be expressed as,
hT→BDρ = 4 (2π)
3/2
√
2mTEBED
∑
α2,α3
α4,α5
∫∫
dpxdpz
[
φˆ(D,λ
′′)
α5,α3
(
− mu
mc +mu
PD − PB − px − 1
2
pz
)]∗
×
[
φˆ(B,λ
′)
α2,α4
(
mb
mb +mu
PB + px − 1
2
pz
)]∗∑
α1
φˆ
(T,λ)
α1,α2
α3,α4
(px,−px − PB ,pz)
× 1
2
√
EcEb
u¯s5c
(
PD + PB + px +
1
2
pz
)
γρ(1− γ5)us1b
(
px +
1
2
pz
)
δc1c5δf1b δf5c .
(20)
Obviously B could also be a B∗ and D a D∗. If we have a b→ u quark transition, one has to change Vcb → Vub and
the meson in the final state (apart from B(B∗)) would be a nonstrange meson with uu¯ or ud¯ composition.
We evaluate now the width of the nonleptonic decays T−bb → B−M1M2 or B¯0M ′1M ′2 represented diagrammatically
in Fig. 4. These decay modes involve a transition b → c, u at the quark level and they are governed, neglecting
penguin operators, by the effective Hamiltonian [32–34]
Heff =
GF√
2
{
Vcb
[
c1(µ)Q
cb
1 + c2(µ)Q
cb
2
]
+ Vub
[
c1(µ)Q
ub
1 + c2(µ)Q
ub
2
]
+ h.c.
}
, (21)
where c1, c2 are scale–dependent Wilson coefficients, and Q
ib
1 , Q
ib
2 , i = u, c, are local four-quark operators of the
current-current type given by
Qib1 = Ψi(0)γµ(1− γ5)Ψb(0)
[
V ∗udΨd(0)γ
µ(1− γ5)Ψu(0) + V ∗usΨs(0)γµ(1 − γ5)Ψu(0)
+ V ∗cdΨd(0)γ
µ(1− γ5)Ψc(0) + V ∗csΨs(0)γµ(1 − γ5)Ψc(0)
]
,
(22)
Qib2 = Ψd(0)γµ(1− γ5)Ψb(0)
[
V ∗udΨi(0)γ
µ(1− γ5)Ψu(0) + V ∗cdΨi(0)γµ(1− γ5)Ψc(0)
]
+Ψs(0)γµ(1− γ5)Ψb(0)
[
V ∗usΨi(0)γ
µ(1− γ5)Ψu(0) + V ∗csΨi(0)γµ(1− γ5)Ψc(0)
]
,
(23)
9where the different Vjk are CKM matrix elements.
We work in the factorization approximation which amounts to evaluate the hadron matrix elements of the effective
Hamiltonian as a product of two quark-current matrix elements: one is the matrix element for the Tbb → BM1
transition, and the other accounts for the transition from vacuum to the other final meson M2, see Fig 4. The latter
coupling is governed by the corresponding meson decay constant. When writing the factorization amplitude, the
relevant coefficients of the effective Hamiltonian (21) are the combinations,
a1(µ) = c1(µ) +
1
NC
c2(µ) a2(µ) = c2(µ) +
1
NC
c1(µ) , (24)
with NC = 3 the number of colors. The energy scale µ appropriate in this case is µ ≃ mb and the values for a1 and
a2 that we use are [33]:
a1 = 1.14 a2 = −0.20 . (25)
Note that the W -exchange diagrams, that play an important role in the decay of charm, are suppressed in the decay
of b since they are proportional to a2. The total decay width is given as
Γ =
1
2mT
∫∫∫
dPB
(2π)32EB
dP1
(2π)32E1
dP2
(2π)32E2
(2π)4δ(4)(PT − PB − P1 − P2)
× G
2
F
2
1
2JT + 1
∑
λT ,λB
λ1,λ2
|MλTλBλ1λ2(PT , PB, P1, P2)|2 . (26)
Using invariance arguments as in the semileptonic decay case one finds,
Γ =
G2F
27π3mT
∫∫
dEBdE1 Θ(1− | cos θ01|)Θ(mT − EB − E1 −M2)
× 1
2JT + 1
∑
λT ,λB
λ1,λ2
∣∣∣MλTλBλ1λ2(PT , P˜B , Pˆ1, Pˆ2)∣∣∣2 , (27)
where
cos θ01 =
(mT − EB − E1)2 −M22 − |PB|2 − |P1|2
2 |PB| |P1| , (28)
and M involves the product of a hadron matrix element such as Eq. (19) and meson decay constants that are taken
from experiment or lattice data. For instance, for a T−bb → B−D+D− decay, one has that
M = VcbV ∗cd a1 hT→B
−D+
α ifD−P
α
D− , (29)
In particular, for the decays presented in Table VI, we have used the meson decay constants listed in Table III.
For the sake of completeness we have also evaluated the decay of the JP = 1+ T−bb isoscalar tetraquark into the
JP = 0+ T 0bc isoscalar tetraquark, decay depicted in Fig. 5. The mass of the J
P = 0+ bcu¯d¯ isoscalar state has been
estimated in Ref. [7] where the authors obtain a central value 11MeV below the B¯D threshold, although it is cautioned
that the precision of the calculation is not sufficient to determine whether the tetraquark is actually above or below
this threshold. A systematic study of exotic QQ′q¯q¯ four-quark states containing distinguishable heavy flavors, b and c,
has been recently performed with the AL1 model in Ref. [38]. The JP = 0+ isoscalar state was found to be strong and
electromagnetic-interaction stable with a binding energy of around 23 MeV. Other independent calculations made in
different frameworks arrive to similar conclusions. Among them, it is important to emphasize the lattice QCD results
TABLE III. Meson decay constants, in GeV, used in this work.
fπ− fπ0 fρ−,ρ0 fD+ fD∗+ fD+s fD∗s+
0.1307 [35] 0.130 [35] 0.210 [33] 0.2226 [36] 0.245 [37] 0.294 [35] 0.272 [37]
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FIG. 5. Representative diagram for the semileptonic decay of the Tbb J
P = 1+ tetraquark to the Tbc J
P = 0+ tetraquark.
of Ref. [39] where it is found evidence for the existence of a strong-interaction-stable (I)JP = (0)1+ bcu¯d¯ four-quark
state with a mass in the range of 15 to 61 MeV below the DB¯∗ threshold. The decay width in this case is given
by (12), changing the final B meson by the T 0bc tetraquark and Vub by Vcb, while the corresponding hadronic matrix
element is
hT→Tbcρ = 2
√
2mTETbc
∑
α2,α3
α4,α5
∫∫∫
dpxdpydpz
×
[
φˆ
(Tbc,λ
′)
α2,α5
α3,α4
(
−px − mb −mc
2(mb +mc)
pz − mb
mb +mc
PTbc ,py,pz +
2mu
mb +mc + 2mu
PTbc
)]∗
×
∑
α1
φˆ
(T,λ)
α1,α2
α3,α4
(px,py,pz)
1
2
√
EcEb
u¯s5c
(
PTbc + px +
1
2
pz
)
γρ(1− γ5)us1b
(
px +
1
2
pz
)
δc1c5δf1b δf5c .
(30)
Let us now comment on the results. Some aspects could have been anticipated, and are verified. For instance, for
the T → B(∗) semileptonic decays depicted in Fig. 3(a), and due to the large phase space available in all cases, the
differences among the widths into the three lepton families are very small. The corresponding results2 are shown in
Table IV. We also note that the overlap in the hadron tensor between the T and the B(B∗) wave function slightly
favors the pseudoscalar mesons. Anyhow, decays with a single meson in the final state are suppressed by at least
two orders of magnitude as compared to the semileptonic decays with two final mesons, and the leading non-leptonic
modes that are discussed below.
For semileptonic decays involving two mesons in the final state, described by panel (b) of Fig. 3, the processes
involving a b → c vertex are favored compared to those involving a b → u vertex, due to the larger CKM matrix
element |Vcb| ∼ 0.041 compared to |Vub| ∼ 0.0035 [35]. In Table V we show the most favorable channels, the filter
being a width larger than 109 s−1 = 0.66 × 10−15GeV, for the semileptonic decays with two mesons and a light
ℓ = e, µ lepton in the final state. Though much smaller, we also give the widths for the corresponding channels with
TABLE IV. Decay widths, in units of 10−15 GeV, for processes described by Fig. 3(a).
Final state Γ [10−15 GeV]
B¯∗
0
e− ν¯e 0.0365 ± 0.0004
B¯0 e− ν¯e 0.0394 ± 0.0006
B¯∗
0
µ− ν¯µ 0.0355 ± 0.0004
B¯0 µ− ν¯µ 0.0396 ± 0.0006
B¯∗
0
τ− ν¯τ 0.0355 ± 0.0004
B¯0 τ− ν¯τ 0.0396 ± 0.0006
2 The errors quoted correspond to the uncertainties of the Monte Carlo numerical integration.
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TABLE V. Largest decay widths, in units of 10−15 GeV, for the processes described by Fig. 3(b). Here ℓ = e, µ.
Final state Γ [10−15 GeV] Final state Γ [10−15 GeV]
B∗−D∗+ ℓ− ν¯ℓ 9.02± 0.07
B∗−D∗+ τ− ν¯τ 1.55± 0.01
B¯∗
0
D∗0 ℓ− ν¯ℓ B¯∗
0
D∗0 τ− ν¯τ
B∗−D+ ℓ− ν¯ℓ 3.59± 0.03
B∗−D+ τ− ν¯τ 0.727 ± 0.005
B¯∗
0
D0 ℓ− ν¯ℓ B¯∗
0
D0 τ− ν¯τ
B−D∗+ ℓ− ν¯ℓ 4.63± 0.05
B−D∗+ τ− ν¯τ 0.86 ± 0.007
B¯0D∗0 ℓ− ν¯ℓ B¯
0D∗0 τ− ν¯τ
B−D+ l− ν¯l 1.92± 0.02
B−D+ τ− ν¯τ 0.409 ± 0.003
B¯0D0 ℓ− ν¯ℓ B¯
0D0 τ− ν¯τ
a final τ since they could be interesting in the context of studies of lepton-flavor universality violation. Due to spin
recoupling coefficients, the largest decay widths appear for vector mesons in the final state. In short, the largest
preferred semileptonic decay are B(∗)D(∗) ℓ ν¯ℓ with the various combinations of spins for the mesons, and ℓ = e, µ.
Table VI displays now the most important nonleptonic decay modes. All of them contain a b → c vertex and an
a1 factor, and the dominant ones have a D
(∗)
(s) meson in the final state. Once again vector mesons are favored in
the final state. As a consequence of the factorization approximation, processes with Ds or a light meson final states
arising from vacuum have decay widths comparable to the corresponding semileptonic decay. This is due to the large
value of the Cabibbo allowed CKM matrix elements |Vcs| ∼ |Vud| ∼ 0.97 [35] and the fact that the hadronic matrix
elements are proportional to a21 in those cases. Decay channels not shown in Tables V and VI are suppressed by at
least one order of magnitude. For instance, final states with J/Ψ or ηc mesons, are suppressed by more than one
order of magnitude since their widths are proportional to |Vcd|2a22. According to our study, the promising final states
among the nonleptonic decays are B¯∗−D∗+D∗s
−, B¯∗0D∗0D∗s
−, and B¯∗−D∗+ ρ−.
TABLE VI. Largest decay widths, in units of 10−15 GeV, for the processes described by Fig. 4.
Final state Γ [10−15 GeV] Final state Γ [10−15 GeV]
B∗−D∗+D−s 4.00± 0.06
B−D∗+D∗s
−
3.15± 0.05
B¯∗
0
D∗0 D−s B¯0D
∗0 D∗s
−
B∗−D∗+D∗s
−
6.50± 0.09
B−D+D∗s
−
1.20± 0.02
B¯∗
0
D∗0 D∗s
− B¯0D0 D∗s
−
B∗−D+D−s 2.57± 0.04
B∗−D∗+ ρ− 3.57± 0.09
B¯∗
0
D0 D−s B
∗−D∗+ π− 1.28± 0.03
B∗−D+D∗s
−
2.32± 0.03
B∗−D+ ρ− 1.70± 0.04
B¯∗
0
D0 D∗s
− B∗−D+ π− 0.70± 0.02
B−D∗+D−s 2.78± 0.05
B−D∗+ ρ− 2.01± 0.05
B¯0D∗0 D−s B
−D∗+ π− 0.77± 0.03
Finally, in Table VII we show the results for the semileptonic decay corresponding to Fig. 5 with a JP = 0+ Tbc
isoscalar tetraquark in the final state. In our calculation, the total semileptonic decay width with a final JP = 0+ Tbc
isoscalar tetraquark turns out to be 7.5× 10−15GeV, in clear disagreement with the result of Ref. [17] obtained using
a QCD three-point sum rule approach.
The total decay width of the T−bb tetraquark, as calculated in this work, is of the order of Γ ≈ 87 × 10−15GeV,
which means a lifetime τ ≈ 7.6 ps. This lifetime is one order of magnitude larger than the simplest guess-by-analogy
estimation of 0.3 ps of Ref. [7].
TABLE VII. Decay widths, in units of 10−15 GeV, for the processes described by Fig. 5.
Final state Γ [10−15 GeV]
Tbc e
− νe 3.06 ± 0.03
Tbc µ
− νµ 3.02 ± 0.02
Tbc τ
− ντ 1.40 ± 0.01
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IV. SUMMARY AND OUTLOOK
We have presented the first comprehensive study of the flavor-exotic JP = 1+ T−bb isoscalar tetraquark. It includes
an accurate solution of the four-body problem within a quark model, which characterizes the structure of the state,
and an estimate of the lifetime and of the rates for the leading semileptonic and nonleptonic decay modes which are
the most promising final states where the tetraquark should be looked for. We have shown how pairwise interactions
based on color-octet exchange induce mixing between the 3¯3 and 66¯ states in the QQ − q¯q¯ basis, enhancing the 3¯3
components for larger values of MQ due to the attractive chromoelectric interaction of the QQ pair that it is absent
in the Qq¯ threshold. This result is only valid in the bottom sector. In the charm sector, the binding mechanism is
different: the 3¯3 and 66¯ components have a similar probability and are mixed by the chromomagnetic interaction.
We have shown how the structure of the TQQ state evolves from a molecular-like system to a compact-like structure
when moving from the charm to the bottom sector.
For the first time, the lifetime of the T−bb tetraquark has been calculated in a quark model beyond simple guess-by-
analogy estimations. The total decay width of the T−bb found in this work is Γ ≈ 87× 10−15GeV, corresponding to a
lifetime τ ≈ 7.6 ps. The promising final states are B¯∗−D∗+ l− ν¯ℓ and B¯∗0D∗0 ℓ− ν¯ℓ among the semileptonic decays,
and B¯∗−D∗+D∗s
−, B¯∗0D∗0D∗s
−, and B∗−D∗+ ρ− among the nonleptonic ones. The T 0bcℓ
−νℓ semileptonic decay is
also relevant but in our calculation is not dominant.
Our study complements recent estimates for the production cross sections of Tbb tetraquarks based on Monte
Carlo event generators pointing towards an excellent discovery potential in ongoing and forthcoming proton-proton
collisions at the LHC [40]. The possible formation of this state in relativistic heavy-ion collisions at the LHC has also
been recently discussed in detail within the quark coalescence model using realistic model wave functions with good
prospects [41].
The spectroscopy of exotic states with hidden heavy flavor has revealed how interesting the interaction of heavy
hadrons is, with presumably a long-range part of Yukawa type, and a short-range part mediated by quark-quark and
quark-antiquark forces. A new sector with stable flavor-exotic states, such as the Tbb, remains to be investigated. An
experimental effort towards the detection of this compact tetraquark states is now timely. Its existence is essential to
validate our understanding of low-energy QCD in the multiquark sector.
A long lifetime for the T−bb tetraquark can ease its detection through the method of “displaced vertex” proposed in
[42].3
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